b Advanced-generation cephalosporins are frequently used for empirical coverage of ventilator-associated pneumonia (VAP) due to their activity against a broad spectrum of Gram-positive and Gram-negative aerobic bacteria, including Pseudomonas aeruginosa and Enterobacteriaceae. Providing optimal antibiotic exposure is essential to achieving successful response in patients with VAP. We evaluated exposures of two antipseudomonal cephalosporins, ceftazidime and cefepime, in patients with VAP due to Gram-negative bacilli to identify the pharmacodynamic parameter predictive of microbiological success. Population pharmacokinetic models were used to estimate individual free drug exposures. Pharmacodynamic indices were determined for each patient using the baseline Gram-negative bacilli with the highest drug MIC. Classification and regression tree analysis was utilized to partition exposure breakpoints, and multivariate logistic regression was conducted to identify predictors of microbiological success. A total of 73 patients (18 receiving ceftazidime therapy and 55 receiving cefepime therapy) were included. MICs ranged widely from 0.047 to 96 g/ml. The microbiological success rate was 58.9%. Predictive breakpoints were identified for all pharmacodynamic parameters, including a serum fT > MIC greater than 53% (P ‫؍‬ 0.02). When controlling for APACHE II (odds ratio [OR], 1.01; 95% confidence interval, 0.93 to 1.09; P ‫؍‬ 0.85) and combination therapy (OR, 0.74; 95% confidence interval, 0.25 to 2.19; P ‫؍‬ 0.59), achieving a greater than 53% fT > MIC remained a significant predictor of success (OR, 10.3; 95% confidence interval, 1.1 to 92.3; P ‫؍‬ 0.04). In patients with VAP due to Gram-negative bacilli, serum exposure of greater than 53% fT > MIC was found to be a significant predictor of favorable microbiological response for antipseudomonal cephalosporins. These data are useful when determining dosing regimens for cephalosporin agents under development for pneumonia.
ven with significant enhancements in the management of mechanically ventilated patients, ventilator-associated pneumonia (VAP) remains the most common hospital-acquired infection in intensive care unit (ICU) patients (1, 2) . Ceftazidime and cefepime are advanced-generation cephalosporins with activity against a broad spectrum of Gram-positive and Gram-negative aerobic bacteria, including Pseudomonas aeruginosa and Enterobacteriaceae (3, 4, 5, 6, 7) . As a result, these agents are routinely prescribed for empirical coverage of many severe infections and are recommended as a backbone empirical therapy in the current VAP guidelines (8) . Nevertheless, due to increasing resistance among bacteria often implicated in VAP, new antimicrobial treatments are needed.
Like other ␤-lactams, cephalosporins exhibit time-dependent bactericidal activity where efficacy is correlated with the percentage of the dosing interval during which free drug concentrations remain above the MIC against the organism (% ƒT Ͼ MIC) (9, 10) . For cephalosporins, animal infection models have demonstrated that ϳ40% and ϳ60% to ϳ70% ƒT Ͼ MICs are necessary for bacteriostatic activity and bactericidal activity, respectively (11) . Studies in patients with severe infections have identified similar pharmacodynamic targets in the range of 45% to 60% fT Ͼ MIC; however, those studies have had mixed infections or had limited concentration data available for patients when estimating exposure (12, 13) .
The paucity of novel agents to treat resistant Gram-negative infections has shifted the focus of development efforts largely toward this public health concern (14, 15) . In response, at present, three novel cephalosporins for the treatment of multidrug-resistant (MDR) Gram-negative bacillus infections are under investigation in clinical trials, including plans for study in pneumonia (16) . Knowledge of an accurate exposure threshold that would be predictive of microbiological response in VAP would be of significant value when finalizing dosing regimens for study in clinical trials. Here, we evaluated the serum exposure of two antipseudomonal cephalosporins, ceftazidime and cefepime, in patients with VAP due to Gram-negative bacilli to identify the pharmacodynamic parameter predictive of microbiological response.
MATERIALS AND METHODS
Study design. This study is a retrospective pharmacokinetic/pharmacodynamic analysis. Demographic, pharmacokinetic, and microbiological data from patients treated for VAP with cefepime or ceftazidime were included. Data corresponding to patient demographics (age, gender, and race) and the following clinical parameters were collected from the medical record: height, weight, creatinine clearance (CL CR ) on admission, and Acute Physiology and Chronic Health Evaluation (APACHE) II score (17) . Pharmacokinetic models were constructed to estimate pharmacodynamic exposure in each included subject. These pharmacodynamic indices were linked to microbiological response to determine the serum drug exposure predictive of a successful response.
Patients. Patients from previously conducted studies of ceftazidime (18) and cefepime (19) were compiled. The study was approved by the Hartford Hospital Institutional Review Board. A waiver of informed consent was granted because all of the data were already in existence and collected during the conduct of the original studies. For inclusion, adult patients (Ն18 years of age) had to have been diagnosed with VAP and to have received Ն3 days of treatment with either ceftazidime or cefepime. Patients were excluded if they had received an antibiotic with Gramnegative activity other than an antipseudomonal fluoroquinolone or aminoglycoside within 24 h before or 72 h after the start of cefepime therapy. Patients receiving hemodialysis were also excluded. Ceftazidime patients were those enrolled in a prospective, open-labeled, randomized controlled study comparing the clinical and microbiological efficacies of continuous versus intermittent ceftazidime administration in ICU patients with VAP (18) . Briefly, patients randomly received ceftazidime as either a continuous infusion (CI) or an intermittent infusion (II). For patients with normal renal function (estimated CL CR , Ն50 ml/min), the ceftazidime regimen consisted of either an II of 2 g intravenously (IV) every 8 h over 30 min or a CI of 3 g over 24 h using an infusion pump. Patients receiving the CI regimen were given a one-time loading dose of 1 g ceftazidime over 30 min prior to beginning CI. The CI dose was selected based on pharmacokinetic data and was projected to obtain serum concentrations approximately twice that of the Clinical and Laboratory Standards Institute (CLSI) breakpoint (8 g/ml) for ceftazidime (20, 21) . All patients enrolled in the study had blood samples collected for ceftazidime concentrations; these serum concentrations were used to construct the population pharmacokinetic model. Of these patients, those who had baseline Gram-negative bacilli identified with available ceftazidime MICs were eligible for the pharmacodynamic analysis. Cefepime patients were those included during an observational assessment of a VAP clinical pathway at our institution between July 2004 and August 2007 (19) . Cefepime dosing was adjusted based on renal function per the VAP clinical pathway protocol, and many, but not all, of these patients contributed blood samples for cefepime concentrations during previous development of a population pharmacokinetic model (22) . Patients in both studies were permitted antibiotic therapy for coverage of methicillin-resistant Staphylococcus aureus, and double coverage for Pseudomonas aeruginosa was encouraged.
Microbiological response. Microbiological response was the primary outcome endpoint used in this study to link with drug exposure. Microbiological response was categorized as success (eradication or presumed eradication) or failure (persistence or presumed persistence) for each patient. Patients were assessed at the end of treatment or at the time of institutional discharge as follows: (i) eradication-elimination of the original causative organism(s) from the site (e.g., sputum) of isolation during or upon completion of therapy; (ii) presumed eradicationabsence of appropriate fluid (e.g., sputum) for culture and evaluation coupled with patient clinical improvement; (iii) persistence-failure to eradicate the original causative organism(s) from the site of infection; and (iv) presumed persistence-absence of an appropriate follow-up culture result coupled with a lack of patient clinical improvement.
Pharmacokinetic analysis. (i) Ceftazidime. Ceftazidime serum concentrations from included patients were modeled using the nonparametric adaptive grid program (BigNPAG) in the MM-USC*PACK collection (23, 24) . Model selection was based on log-likelihood values, Akaike's information criterion, and visual inspection of observed versus predicted scatterplots (25) . A two-compartment pharmacokinetic model with zeroorder infusion and first-order elimination, utilizing CL CR as a covariate of clearance, was selected. The following patient-specific parameters were determined: volume of distribution in the central compartment (V 1 [liters]), intercompartmental transfer constants (K 12 and K 21 [h Ϫ1 ]), and total body clearance (CL [liters/h]). Total body clearance was determined using the following equation: CL ϭ Cl i ϩ Cl s ϫ CL CR , where Cl i is the intercept, Cl s is the slope parameter, and CL CR was calculated using the Cockcroft-Gault equation (26) . Model weighting was performed based on the interday assay error variance employing a plot of the assay standard deviations (SD) versus the measured ceftazidime concentrations, generating the following first-order polynomial formula: SD ϭ ␥(0.0022 ϩ 0. 0629 ϫ C), where C is the ceftazidime concentration and ␥ was identified to be 1.98. Individual pharmacokinetic parameters were identified using the population of one utility in BigNPAG.
(ii) Cefepime. Pharmacokinetic parameter estimates for cefepimetreated patients were derived from a validated population pharmacokinetic model of VAP patients at our institution who received high-dose, prolonged-infusion cefepime, as previously described (22), using CL CR and total body weight (TBW) as covariates of K 10 (elimination rate constant) and V 1 (volume of distribution in the central compartment), respectively.
Pharmacodynamic indices. Following the determination of pharmacokinetic parameters for each individual, simulations of each patient's steady-state serum concentration-time profiles were conducted (WinNonlin software; Pharsight Corp., Mountain View, CA) based on their treatment drug dosing regimen. In the simulations, protein binding of 15% was assumed for ceftazidime and cefepime to derive free (ƒ) drug concentrations. The treatment drug MIC for the isolated Gram-negative pathogen and the free drug exposure value were used to calculate the following pharmacodynamic indices: % ƒT Ͼ MIC, the ratio of maximum free drug concentration to MIC (ƒC max /MIC), the ratio of minimum free drug concentration to MIC (ƒC min /MIC), and the ratio of the free drug area under the concentration curve to MIC (ƒAUC/MIC). For patients with polymicrobial infections, the Gram-negative bacillus with the high- 
RESULTS
Patient characteristics and microbiological response. Seventythree patients with VAP were evaluable for microbiological outcome; 18 patients received ceftazidime and 55 patients were treated with cefepime. Patient characteristics and the frequency of each dosing regimen are presented in Table 1 . Combination therapy was common but did not appear to have any impact on microbiological response. Pseudomonas aeruginosa was the most common infecting pathogen (63.0%; n ϭ 46) followed by Klebsiella pneumoniae (8.2%; n ϭ 6), Enterobacter cloacae (8.2%; n ϭ 6), Escherichia coli (4.1%; n ϭ 3), Haemophilus influenzae (4.1%; n ϭ 3), Serratia marcescens (4.1%; n ϭ 3), and Acinetobacter baumannii (2.7%; n ϭ 2).
Microbiological response was classified as successful in 58.9% of patients. When stratified by microbiological response, the demographics of the populations were similar (Table 2) . Additionally, there was no difference in microbiological response rates between ceftazidime-treated patients and cefepime-treated patients. However, the MIC (median [range]) was significantly higher in patients with microbiological failure (3 [0.094 to 96] versus 1 [0.047 to 32] g/ml; P ϭ 0.006).
Population pharmacokinetic model. Thirty-two patients with serum ceftazidime concentrations were used to develop the population pharmacokinetic model for this agent. An average of five serum samples (range, 2 to 7) were collected for each patient. Seventeen patients received CI and 15 received II ceftazidime, with the dosage adjusted based on renal function. The final population pharmacokinetic parameters derived from ceftazidime-treated patients are shown in Table 3 . The predicted versus observed (preBayesian) population plot for the model fit the population well ( When the populations were combined, most patients (78.1%) achieved serum ƒT Ͼ MIC exposures of 100%, presumably because of the high-dose regimens recommended for patients on the VAP clinical pathway at our institution and low MICs in many situations. As a result, the median (range) % ƒT Ͼ MIC for the total study population was 100 (0.8 to 100). Modest collinearity was observed between % ƒT Ͼ MIC and the other pharmacodynamic parameters despite significant plateaus at 100% ƒT Ͼ MIC (Fig. 2) Table 4 . These identified breakpoints were tested for statistical significance in univariate analysis, and all pharmacodynamic indices remained significant predictors of response. Multivariate logistic regression analysis was conducted to assess confounding variables and is presented in Table 5 . The following variables were entered into the model: % ƒT Ͼ MIC, APACHE II, Cl CR , and combination therapy. MIC was not entered in the model as this variable is accounted for in determination of the pharmacodynamic parameters. When controlling for APACHE II (odds ratio [OR], 1.01 [95% confidence interval, 0.93 to 1.09]; P ϭ 0.85) and combination therapy (OR, 0.74 [0.25 to 2.19]; P ϭ 0.74), achieving greater than 53% ƒT Ͼ MIC remained a significant predictor of microbiological response. No patient characteristics (e.g., age, weight, Cl CR ) were statistically predictive of response.
DISCUSSION
There have been a number of investigations evaluating cephalosporin pharmacodynamics in humans (12, 13, 27, 28) . Little of the attention has focused on a single site of infection among the members of an exclusively adult critically ill population. The potential advantages of employing such a focus are 2-fold. First, doing so eliminates the uncertainty that comes with extrapolating composite data from various populations (i.e., data from healthy volunteers and other sites of infection), as significant variability in pharmacokinetic parameters can be seen between healthy and infected individuals (29) . This is an important distinction, which in turn improves the likelihood of emulating the true population of interest. Second, antibiotic concentrations at the site of infection can differ from those seen in serum, depending on the physiochemical properties of the compound and the infected tissue (30) . Furthermore, physiological changes and interpatient variations in critically ill patients can drastically affect the pharmacokinetics of cephalosporins (31) (32) (33) (34) . The considerations mentioned above make the use of a standard dose for cephalosporins (in this case, ceftazidime and cefepime) unlikely to provide appropriate exposures for all patients and could lead to higher rates of failure, resistance, and, in some cases, toxicity (35, 36) . In the present With the increased prevalence of MDR Gram-negative organisms in VAP, ceftazidime's and cefepime's spectrum of activity has sparked rejuvenated interest in understanding their pharmacodynamics. Furthermore, such data are paramount in decision support for the development of dosing regimens for new antimicrobials. Target pharmacodynamic exposures are traditionally derived from in vitro and in vivo animal infections models, with limited human data to validate these findings. Human studies with cephalosporins have produced variable % ƒT Ͼ MIC exposure data for microbiological success (12, 13, 37) . Others have suggested enhanced ␤-lactam activity by maintaining a ƒC min / MIC Ͼ 4 to 6 (37, 38) . In the current study of VAP patients, attainment of specific pharmacodynamic exposures was associated with favorable microbiological response for antipseudomonal cephalosporins, including a serum ƒT Ͼ MIC value compatible with animal infection models (9) (10) (11) . While all pharmacodynamic indices displayed predictive relationships, our observations are consistent with findings from other studies in that microbiological success was significantly associated with achieving free drug exposures of greater than 53% ƒT Ͼ MIC.
Muller and colleagues saw favorable clinical and microbiological outcomes with ceftazidime in nosocomial pneumonia when patients had a greater than 45% ƒT Ͼ MIC (13) . Their population pharmacokinetic model was derived from 75 patients with nosocomial pneumonia, 8 healthy volunteers, and 6 additional ICU patients. We developed a ceftazidime model specifically in the VAP population to accurately estimate drug exposures for all 18 included ceftazidime patients. The cefepime model used here is the same utilized in a pharmacodynamic analysis of cefepime in patients infected with P. aeruginosa performed at our institution by Crandon and colleagues (12) . All sites of infection were included except the urinary tract, and the researchers found an association with microbiological failure in patients with less than 60% ƒT Ͼ MIC for cefepime. A strength of the current study is that the models used were derived strictly from a population of patients with VAP and identified similar ƒT Ͼ MICs.
Given the high proportion of relatively low MICs (median, 2 g/ml) against the causative pathogens, % ƒT Ͼ MIC was not uniformly distributed across the population, resulting in a majority of patients with 100% ƒT Ͼ MIC. We observed collinearity between ƒT Ͼ MIC and the other pharmacodynamic indices (Fig.  2) , which we believe is responsible for the significant correlation with response identified with all parameters. This observation is not uncommon; Li and colleagues saw a similar occurrence in a pharmacodynamic analysis of meropenem in lower respiratory tract infection, where ƒT Ͼ MIC and ƒC min /MIC were highly colinear and predictive of microbiological success (39) . Like the current study results, the median % ƒT Ͼ MIC was 100%, with approximately 80% of patients achieving this value. In the current study, ƒC max /MIC and ƒAUC/MIC breakpoints were also significantly predictive of microbiological success, emphasizing the relationship between exposure and response. Due to our knowledge surrounding the pharmacodynamics of cephalosporins, only the % ƒT Ͼ MIC value was used when conducting multivariate analyses.
This study is not without limitations. Although this is a retrospective study of data from two different time periods, the mainstay of treatment for VAP is antibiotic chemotherapy. Therefore, we employed microbiological response as an endpoint, instead of clinical response or mortality, to alleviate any concerns surrounding changes in the standard of care for VAP patients. Second, while ceftazidime concentration data were available for each patient, cefepime exposures were estimated using a validated population pharmacokinetic model based on patient covariates. This model was derived from cefepime-treated patients with VAP at the same institution and with the drugs used in dosages similar to those used in the current analysis, and many of these patients contributed concentrations to the original model. Last, assessing patients who were treated with two different agents allowed for a larger sample size but did introduce a potential confounder, which should be considered when interpreting these findings. However, given the similarity between the two agents, it is not unreasonable to predict they would have similar pharmacodynamic targets.
In patients with VAP, a significant relationship between antibiotic exposure and microbiological outcome was observed with antipseudomonal cephalosporin therapy. Notably, a serum ƒT Ͼ MIC greater than 53% was associated with microbiological success. In addition to these cephalosporins, these data may have application in the design of optimal dosing regimens for future cephalosporins under development for the treatment of VAP.
